Torrefaction is a biomass energy densification process that generates a major byproduct in the form of torrefaction condensate. Microbial conversion of torrefaction condensate could be an attractive option for energy integration within torrefaction process. However, torrefaction condensate contains several compounds, such as furfural, 5-hydroxymethylfurfural and guaiacol that are inhibitory to microbes. In this study, for the first time, we reported detoxification of torrefaction condensate, by removing the major inhibitory compound furfural, using torrefied biomass and later used the loading. The study shows that torrefaction condensate can be effectively detoxified using torrefied biomass for microbial conversion and can be integrated within the torrefied biomass pellet production process.
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Introduction
Torrefaction is a pretreatment method for biomass upgradation, where the biomass is heated slowly at a temperature range of 200-300 ⁰C in an inert environment in order to increase the energy density and hydrophobicity by lowering the moisture content of the biomass [1, 2] . In the recent days the research interest on torrefaction process is increasing owing to high commercial demand of torrefied biomass, projected to be 70 million tons per year by 2020 globally [3] .
The two major technical challenges in commercialization of torrefaction technology are handling the volatile gases that are produced during the torrefaction and the energy integration within the process [1] . At present, the volatile gases produced are combusted back to meet the energy requirements for biomass drying and torrefaction. However, owing to their high water and CO2 content, the torrefaction volatiles have low heating value. In addition, presence of different types of organic acids makes them very corrosive to the combusting equipment [1, 4, 5] Hence, advanced process integration approaches are required for better utilization of torrefaction volatiles and thereby improving the overall efficiency and economic viability of the torrefaction system [4, 5] The torrefaction condensate (obtained by condensing the volatiles) mainly contains water and acetic acid. Recently, Doddapaneni et al. [5] reported that torrefaction condensate, with ~50 g/L of acetic acid, can be used as substrate for anaerobic digestion (AD) for bio-methane production.
However, owing to the presence of inhibitory compounds such as furfural, 5-Hydroxymethylfurfural (5-HMF) and guaiacol, the methane production was inhibited at higher substrate loading [4] . In order to improve the methane production, concentration of these inhibitory compounds should be significantly decreased in the torrefaction condensate.
Adsorption is a cost-effective method for removal of inhibitory compounds from the pyrolysis oil and biomass hydrolysate [6, 7] . Polymeric adsorbents such as XAD-4 and XAD-7 was shown to adsorb 90 and 80 mg of furfural per g of adsorbent from corn fiber hydrolysate [6] . Other study [8] reported that the adsorption of phenol and furfural from oat hull hydrolysate using powdered activated carbon improved the bioproduction of xylitol by 10%. However, due to the large concentration of furfural (6000 -11000 mg/L) in the torrefaction condensate [4, 5, 9] , a cheap and readily available adsorbent with reasonable adsosrption capacity is required. Torrefied biomass could be an alternative adsorbent due to their hydrophobic nature as furfural is also hydrophobic, cost-effectiveness and easy availability . However, there are no studies on the removal of furfural from torrefaction condensate using torrefied biomass and the further application of detoxified torrefaction condensate for bioconversion.
Torrefaction process reduces the energy required for biomass grinding but subsequently, it increases the energy requirement for pelletization owing to the increase in the biomass brittleness [10] . The energy required to pelletize the raw biomass and torrefied biomass are in the range of 757 kJ/kg and 1164 kJ/kg respectively [11] . Preconditioning of torrefied biomass with water to a moisture content of 10% [12] or addition of binding materials, such as wheat flour [11] , lignin, starch, calcium hydroxide and sodium hydroxide [13, 14] has been reported to improve the properties of the pellets.
However, this external addition of binders would add to the production cost and also sourcing binders for large production volumes would be challenging [15] . Figure 1 illustrates an integrated process to address the above-discussed issues i.e. (i) microbial inhibition with torrefaction condensate: through torrefied biomass based adsorption of inhibitory compounds, and (ii) the supply of binders for torrefied biomass pelletization: through adsorbed compounds from torrefaction condensate. The proposed approach is to use a part of torrefied biomass as an adsorbent for removal of the inhibitory compounds from the condensate. Following adsorption, the water content and compounds adsorbed on the biomass will themselves add binding effects and thereby could reduce the energy requirement in pelletization [16] . Moreover, the torrefied biomass with compounds adsorbed to them could be mixed with rest of the torrefied biomass before pelletizing, which will improve the quality and durability of the pellets. The torrefaction condensate after adsorption (detoxified condensate) can be used in AD process.
<Figure 1>
This study focuses on the adsorption and anaerobic digestion stages presented in Fig. 1 . Here we used torrefied biomass, for the first time, to adsorb furfural from the torrefaction condensate in order to improve the prospects of utilizing torrefaction condensate in anaerobic digestion. Adsorption of furfural was studied in detail, as it is the major inhibitory compound present in torrefaction condensate [4, 5] . The adsorption efficiency of torrefied biomass was tested using standard furfural solution by means of batch experiments by varying pH and biomass dosage and further evaluated through kinetic modelling. Further, the batch adsorption experiments were also carried out using actual torrefaction condensate. Later, column experiments were conducted with both standard furfural solution and torrefaction condensate. The break-through curves were determined for furfural and other inhibitory compounds. The empirical models were investigated to decipher the mechanisms of adsorption. Finally, the anaerobic digestion experiments were carried out with both original and detoxified torrefaction condensate.
Materials and methods

Torrefaction process
Torrefied biomass and torrefaction condensate were produced as described by Doddapaneni et al. [5] . Briefly, Finnish pine wood chips were air dried at 105 ⁰C for 24 h in an electrically heated oven. The reactor (Fig. S1 ) temperature was raised from room temperature (20 ⁰C) to a final torrefaction temperature i.e. 225, 275 or 300 ⁰C and maintained at that temperature for 2 h. The fluctuation in the reactor temperature was maintained within ± 5 ⁰C during the isothermal period by circulating water through the coils wrapped around the reactor. In each run, one kg of biomass was loaded into the reactor. The volatiles released during the torrefaction process were condensed using water circulated condenser and a glass bottle submerged in an ice bath. The condensate was stored at 4 ⁰C to prevent further aging reactions. The torrefaction condensate has a tendency to form settled tar that is viscous and sticky in nature. This viscous tar (~5 vol. %) was removed by simple decantation and the torrefied biomass was grinded using Restsch ZM200 centrifugal mill prior to the adsorption experiments. The grinded biomass was sieved to a particle size of <100 µm.
Characterization of torrefied biomass
Torrefied biomass was characterized using scanning electron microscopy (SEM) and
Brunauer-Emmett-Teller (BET) analysis. Pore size distribution and surface area measurements were evaluated according to Baret-Yoymer-Halenda (BJH) and BET model, respectively.
3. Batch adsorption experiments
All the batch adsorption experiments were carried out in a total volume of 20 mL, with continuous mixing at 150 rpm and room temperature (≈ 20 ⁰C). The kinetics of furfural adsorption using torrefied biomass was studied for 12 h at an initial furfural concentration of 6000 mg/L and pH tests carried out in this study. The solid-liquid separation was achieved by centrifuging the samples at 5018 xg for 5 min. Supernatants were filtered using 0.45 µm (Chromafill® -PET 45/25) prior to gas chromatography mass spectrometer (GC-MS) analysis. If the change in volume after adsorption was more than 5%, then the adsorption capacities were adjusted according to change in volume. All the batch adsorption experiments were carried out in duplicates and if the difference was more than 10%, the experiments were repeated.
4. Column adsorption experiments
The column experiments were carried out in glass column of internal diameter of 10 and 20 mm and the length of 300 mm. Borosilicate glass beads (2 mm dia) were used to pack torrefied biomas from top and bottom in the column. This glass bead packing (2 cm height) was also helpful in allowing uniform distribution of the adsorbate in the column by preventing backlash. The effective bed height of adsorbent (i.e. torrefied biomass) was 200 mm. The amount of torrefied biomass filled in 10 and 20 mm columns was 6 g and 20 g, respectively. Either the standard furfural solution with 6000 mg/L with initial pH of 3.6 or the torrefaction condensate were loaded into column using peristaltic pump at 1 mL/min. Aliquots from the column were collected every 5 min for GC-MS analysis. Control experiments with borosilicate glass beads were carried out to rule out adsorption of furfural on them.
Anaerobic digestion (AD) batch assay
The AD batch assays of torrefaction condensate before and after detoxification was studied, using 120 mL serum bottles at mesophilic condition i.e. 35 ⁰C for 35 d. The operating volume was 60 mL. The substrate (condensate) to inoculum volatile solids (VS) ratio (VSsubstrate:VSinoculum) of 0.1 (non-inhibitory concentration) and 0.2 (inhibitory concentration) were tested. Granular sludge collected from the mesophilic upflow anaerobic sludge blanket (USAB) reactor that treats waste water from an integrated beta-amylase and ethanol plant (Jokioinen, Finland) was used as inoculum for AD batch assays. Detailed methodology has been previously reported [5] .
Analytical methods
Surface characteristics of torrefied biomass was analyzed using scanning electron microscopy JSM -T10 (Jeol, USA). Specific surface area (SSA) and pore size distributions were measured using a Micrometrics ASAP 2020 (Norcross, USA) by physical adsorption of nitrogen. For adsorption tests, about 100 mg of sample was loaded into a quartz tube. Prior to adsorption tests, contaminating gases from samples were removed using 10 µm Hg at a temperature of 150 ⁰C. Detailed methodology has been reported by Kramb et al. [17] .
Gas chromatograph (GC; Agilent series 6890) equipped with mass spectrometry (MS) detector (Agilent 5975B) and the capillary column HP-5MS (30 m, 0.25 mm ID, 0.25 µm film thickness; Agilent) was used to analyze both standard furfural solution and torrefaction condensate before and after adsorption experiments. In case of standard furfural solution, initially the GC column was held for 2 min at 50 ⁰C, and followed by a ramp of 5 ⁰C/min to a temperature of 250 ⁰C. Later, the oven was heated to a final temperature of 280 ⁰C at 10 ⁰C/min and held for 10 min. The helium gas with a flow rate of 1 mL/min was used as a carrier gas. The injection temperature was 250 ⁰C.
The injection volume was 0.2 µL with a split ratio of 20:1. In case of torrefaction condensate analysis, the oven temperature was raised at a heating rate of 2 ⁰C/min to a temperature of 180 ⁰C and then to a final temperature of 280 ⁰C at 10 ⁰C/min. The oven was held at final temperature for 5 min. The MS temperature was maintained at 250 ⁰C.
The total solids (TS) and VS of the inoculum and the torrefaction condensate was tested as described by Doddapaneni et al. [5] . The methane production was tested using GC following the procedure described in our earlier study [5] . Figure 2 shows SEM images of the pine wood biomass torrefied at 225, 275 and 300 ⁰C. It can be observed that the porosity of biomass is increasing with increasing torrefaction temperature.
Results
Characterization of the adsorbent (torrefied biomass)
At temperature 225 ⁰C, no specific surface area (SSA) and pore diameter was detected by the BET analysis ( Table 1 ). The further increase in temperature to 275 ⁰C led to increase in SSA (1.47 m 2 /g).
However, SSA (1.10 m 2 /g) decreased with further raise in temperature to 300 ⁰ C. <Figure 2>
Characterization of torrefaction condensate
Torrefaction condensate mainly contains water, organic acids, aldehydes and phenolic compounds. The pH of torrefaction condensate was around 2.1. The concentration of acetic acid and furfural were, 80 and 9 g/L, respectively for the torrefaction condensate produced at 300 ⁰C. The VS was around 11%.
Influence of torrefaction temperature on furfural adsorption
The influence of torrefaction temperature to produce torrefied biomass on furfural adsorption was studied ( Fig. S2 in supplementary information) . Furfural adsorption (%) increased from 66% at 225 ⁰C to 88% at 300 ⁰C with 150 g torrefied biomass/L at 12 h of residence time. Because of the higher adsorption, the torrefied biomass produced at 300 ⁰C was used in all our adsorption experiments.
Batch adsorption of furfural
Kinetic study
The influence of contact time was studied by varying the reaction duration from 1 to 12 h (Fig. 3a) . The adsorption capacities were adjusted according to the change in volume during adsorption as presented in Table S1 (in supplementary information). The adsorption of furfural was relatively fast and more than 85% of maximum qe (mg of furfural adsorbed per g of torrefied biomass)
was achieved in first 2 h. The kinetic analysis of the adsorption of furfural on torrefied biomass was made using pseudo first order and second order kinetic models [18] (more details in supplementary information).
<Figure 3>
The plot of log (qe-qt) versus t and the plot of qt/t versus t represents the first order and second order kinetic models respectively. The rate constants (kf), and (ks), for first and second order kinetic models, respectively were presented in Table 2 . From Fig. 3b and Table 2 it can be observed that the pseudo second order model fits well with the R 2 values greater than 0.99. The variation between the calculated qe cal. and the experimental qe values were varying between 11 -52% and 6 -8% for pseudo first order and second order kinetic models, respectively further suggesting better fit for pseudo second order kinetic model.
<Table 2>
The adsorption process consist of four steps such as 1) bulk solution transport (i.e. external mass transfer) 2) external diffusion (i.e. boundary layer diffusion), intra-particle diffusion and adsorption [19] . Either one or a combination of these steps can control the overall adsorption process [20] . The rate constant of pseudo second order kinetic model is a combination of external mass transfer, film diffusion and intra-particle diffusion. Thus, the adsorption of furfural on to torrefied biomass was further studied to identify the rate-limiting step in the process. The external mass transfer model, furfural transfer across the boundary layer (Boyd's film diffusion model), intra-particle diffusion (Webber-Morris) and pore diffusion model (Bangham's model) were tested.
The mass transfer of adsorbate from the bulk solution to the boundary layer could be a ratelimiting step and this was analyzed using the mass transfer model represented by equation 1 [21, 22] .
Where is the external mass transfer coefficient. The intra-particle diffusion model (Eq. 2) was used to identify the transfer of furfural from the external suface of the adsorbate to sites through pores of the torrefied biomass.
Where qt is the equilibrium adsorption (mg/g) at time t and is the intra-particle diffusion rate constant. The multi-linear plots (with average R 2 > 0.97 for the first and second zone) represents that the adsorption is controlled by two mechanisms ( Figure 3d , Table 2 ). The first linear phase lasted for 2 h while the second linear phase lasted for another 10 h (Fig. 3d) . The previous study [23] on the furfural adsorption on to the activated carbon also reported the multilinear plots for intra-particle diffusion model.
Film diffusion model or Boyd's kinetic model (Eq. 3) was used to identify whether the diffusion of adsorbate across the boundary layer was a rate-limiting step.
Where F(t) = qt/qe; De is the effective diffusion coefficient (m 2 /s); r is the radius of the spherical adsorbent particle [20] . If the plot of
vs t is a straight line and passing through the origin then the film diffusion is the rate limiting step [20] . Previous study [24] reported that the spherical equivalent diameter of the torrefied biomass sieved to a particle size of of 112 -125 µm was 200 µm According to that, it was assumed that the torrefied biomass particle is spherical with a particle diameter of 150 µm. The internal diffusion coefficient (D) was calculated from the slope of the plot presented in Fig. 3e . The average diffusion coefficient (De) was around 1.1 x 10 -14 m 2 /min.
The previous study [23] 
where is the initial concentration of the adsorbate (mg/L), V is the volume of solution (L), m is the mass of the adsorbent (g/L), and and α are the constants [20] . The average R 2 > 0.96 was observed for all the dosage experiments (Fig. 3f) .
Effect of pH and dosage
The influence of pH on the adsorption was studied by varying pH from 2.0 to 9.0 (Fig. 4a ).
The qe (mg of furfural adsorbed per g of torrefied biomass) value did not vary significantly (<10%)
i. The isotherms were modeled using the linearized Langmuir (equation 5) and Freundlich models (equation 6).
Ce is the equilibrium concentration of the furfural (mg), qe (mg of furfural adsorbed per g of torrefied biomass) is the amount of furfural adsorbed at equilibrium (mg/g), qm is the monolayer adsorption capacity or the maximum adsorption capacity (mg of furfural adsorbed per g of torrefied biomass). kL is the Langmuir constant which represents adsorption energy (L/g) [18] .
Where kf is adsorbent capacity ((mg/g) (L/mg)) 1/n ) and n is the intensity of the adsorption [18] .
Figure 5b and Figure 5c shows the linear fitting between concentration (qe) and the equilibrium concentration (ce) for Langmuir and Frendluich models respectively. The evaluated constants are presented in Table 3 . It was observed that Freundlich model fitted better with R 2 of 0.9948 compared to 0.9285 for Langmuir model. The monolayer adsorption capacity (qm) of the torrefied biomass, which is calculated from the Langmuir plot was around 81 mg/g. The Freundlich constants kf and n were 0.218 (mg/g) (L/g) and 1.49 respectively sugessting favorable adsorption. Figure 6 shows adsorption (%) of different compounds from torrefaction condensate at 250 g/L of torrefied biomass dosage. The change in the volume of the torrefaction condensate during adsorption was presented in Table S2 (in supplementary information). The torrefied biomass adsorbed up to 54% of furfural from the torrefaction condensate. Hydroxymethylfurfural (5-HMF), another important inhibitor present in torrefaction condensate, was also adsorbed up to 25%. Around 23%
Batch adsorption of torrefaction condensate
and 60% of furans such as 2(5H)-furanone and 5-methyl-2-furancarboxaldehyde were adsorbed, respectively. In case of phenolic compounds, 74% of coniferyl aldehyde was adsorbed. Around 52, 47 and 56% of other phenolics such as guaiacol, creosol, and vanillin were adsorbed, respectively. In case of organic acids, 21% of formic acid and just 11% of acetic acid was adsorbed. In contrast, concentration of propionic acid was increased by 12%.
<Figure 6>
3.6 Column adsorption study
Column adsorption of standard furfural solution
Column adsorption studies of aqueous furfural solution was carried out at two different column diameters i.e. 10 and 20 mm. The furfural uptake and the time required to reach adsorption saturation was increased with increasing column diameter.
In case of 10 mm diameter column ( respectively. This analysis shows that 20 mm diameter column will be more effective for adsorption of inhibitory compounds from torrefaction condensate in comparison with 10 mm diameter column because of the higher quantity of the torrefied biomass in the column leading to the increased number of active sites and the adsorption surface area. Hence, the column with 20 mm diameter and 200 mm bed length was considered for the column adsorption of torrefaction condensate. Figure 7 represents the breakthrough curves of different compounds present in torrefaction condensate. The adsorption (%) presented in Fig. 7 were based on the differences in GC-MS peak area of the respective compounds before and after adsorption.
Column adsorption of torrefaction condensate
<Figure 7>
The maximum adsorption of furfural observed was 52% and the saturation time was 50 min.
From Fig. 7a , it can be observed that 5-HMF reached saturation within 5 min. The maximum adsorption for other furans such as 5-methyl-2-Furancarboxaldehyde, and 2(5H)-Furanone was 61 and 28% and the saturation time was 50 and 30 min, respectively. All the phenolic compounds followed similar adsorption pattern ( The breakthrough curves of organic acids in torrefaction condensate such as formic, acetic and propionic acids were shown in Fig. 7c . The maximum adsorption of formic acid was around 54%, which was higher than in batch adsorption (20%). Whereas, only around 5% of acetic acid has been adsorbed. The changes in the concentration of acetic acid during time course (between 50-150 min) could be possibly due to a tradeoff between their methyl ester counterparts (as seen in Fig. 7d ) and not because of actual adsorption on to the torrefied biomass. Moreover, finally we were able to retain 95% of acetic acid in the condensate after 180 min of column adsorption. In case of propionic acid; the column adsorption study followed the batch adsorption by resulting in slight increase in their concentration (~17% after 180 min) possibly due to decrease in water content.
The concentrations of other compounds (Fig. 7d) such as 2-propanone, 1-hydroxy-(acetol) and 1-hydroxy-2-butanone were more stable and no adsorption of these compounds was observed. In addition to these two compounds, hydroxy-acetaldehyde was least adsorbed (< 1% at 50 min) by torrefied biomass.
Anaerobic digestion batch assay
The torrefaction condensate, detoxified with 250 g/L of torrefied biomass dosage was used in AD batch assays. Figure 8 biomass as adsorbent, this will not have a negative impact on the overall process considering the fact that the adsorbent is from the same streamline (torrefied biomass pellet production) and following adsorption, they will be mixed back with the rest of the torrefied biomass and taken for regular application. Moreover, thus all the materials are used in an integrated apparoach no wastes will be generated out of this process.
Björklund et al. [25] studied the removal of fermentation inhibitors from spruce wood hydrolysate using the lignin as an adsorbent and was able to remove 49% of furfural, 27% of 5-HMF and 36% of phenols at 100 g/L of lignin dosage where the initial concentration of the inhibitory compounds was 2, 0.6 and 3.3 g/L respectively. These values were close to the ones reported in this study for example, removal of 34% of furfural, 14% of 5-HMF and 33% of phenols with 100 g/L torrefied biomass. These values have been achieved in this study inspite of having the initial concentrations around 10 times higher than the ones reported in the earlier study [25] . Monlau et al. [7] studied the applicability of pyrolysis chars produced from solid anaerobic digestion digestate to remove the inhibitory compounds from Douglas-fir wood hydrolysate. They reported that 100% of furfural and 94% of 5-HMF was removed from the hydrolysate at 40 g/L dosage and 24 h contact time where initial concentration of both the compunds was 1000 mg/L suggesting qe (mg of furfural adsorbed per g of adsorbent) of 48 mg/g. This value is higher than the one obtained for torrefied biomass (36.9 ± 3.2 mg/g) at 50 g/L. Such high removal efficiencies were achieved owing to the very high surface area of pyrolysis chars, about 50 times higher than the torreffied biomass and the lower initial concentration, about 9 times lower than torrefaction condnesate. However, further, using torrefied biomass for adsorption of these compounds would have multiple benefits within the refinery.
Firstly, removing inhibitory compounds from the condensate will allow them to be utilize for biomethane production. Secondly, increasing moisture content of the biomass and compounds adsorbed onto the biomass would be useful in later stages of refinery in improving the biomass pelletization.
Mechanism of furfural adsorption on to torrified biomass
The adsorption of main inhibitory compound furfural on to torrefied biomass is likely due to hydrophobic interaction. The insignificant effect of pH on the adsorption of furfural points in the direction of hydrophobic interaction (Fig. 4a) . As the pH varies from 2.0 to 9.0, the deprotonation of the biomass would take place and thus, increasing the number of charged sites. However, the increase in the number of charged sites had no effect on the adsorption of furfural on the torrefied biomass suggesting non-electrostatic mechanisms. Furthermore, adsorption of hydrophobic compounds such as furfural and phenols while non-adsorption of hydrophilic compounds such as acids suggest the adsorption by means of hydrophobic interaction. In addition, the surface of the torrefied biomass is hydrophobic because of the reduced OH-groups [1] , further suggesting the hydrophobic interaction between furfural and torrefied biomass. Indeed, the adsorption of furfural from pine needle hydrolysates on to polystyrene-divinylbenzene (XAD-4) copolymers has described as a hydrophobic interaction [26] . As the hydrophobic interactions are spontaneous, the adsorption of furfural on to the hydrophobic sites on the torrefied biomass would be quite fast. This is also supported by the good fitting of kinetic data to the pseudo second order kinetics, suggesting that the adsorption mechanism is mainly chemisorption i.e. a fast favorable reaction with negative ΔG (Gibbs Energy).
Prior to the adsorption of furfural to the hydrophobic sites in the torrefied biomass, furfural has to reach in close proximity of the sites from the bulk solution. This is done in three steps -arriving of furfural from the bulk solution to the boundary layer, transfer of furfural from the boundary layer to the external surface of torrefied biomass passing through the film or boundary layer and diffusion of furfural to the hydrophobic adsorption site [27] . The low values (1.3 -1.6 x 10 -8 m/min) and poorer R 2 values (Fig. 3c , varying between 0.78 -0.82) shows that external mass transfer of the furfural from the bulk solution to the boundary layer is quite fast, thus mass transfer is not a rate limiting step [21, 28] . It is important to note here that the external mass transfer here refers to the transfer of the adsorbate from the bulk solution to the external part of the layer formed on the surface of the torrefied biomass. This layer is gradient of the furfural concentration varying from the bulk solution to the surface of the torrefied biomass.
The first stage of the intraparticle diffusion model (webber-Morris graph) represents the boundary layer effect and the second stage represents the intra-particle diffusion or micropore diffusion (Fig. 3d) [29] . The intercept of the first zone (varying between 1.5 -2.4) of intraparticle diffusion plot (Fig. 3d) represents the boundary layer thickness and thus suggesting that the film diffusion is playing a significant role in the adsorption of furfural onto torrefied biomass [22] . Further that the linear plots of Boyd's model (R 2 varies from 0.92-0.98) that are not passing through the origin (Fig. 3e ) points out that film diffusion is the rate-limiting step [30] . However, the linearity of the second stage intraparticle diffusion model (Fig. 3d ) (average R 2 >0.97) and Bangham model (Fig. 3f) (avaerage R 2 >0.96) points out that the furfural passage through micropore diffusion in the torrefied biomass is rate-limiting step. All the above evidence suggests that the film diffusion at the initial stage of the adsorption (t < 2h) and the micropore diffusion at the later stage (t > 2h) are the rate limiting step in the adsorption of furfural on the torrefied biomass. However, further controlled experiments are required to confirm this finding.
The reason for both the film diffusion and micropore diffusion to be the rate limiting step can be due to the hydrophobic nature of both furfural and torrefied biomass. As the torrefaction condensate is predominantly made of water (water content > 50%), the furfural molecule, being hydrophobic, will be in cluster. Further, the torrefied biomass would have minimized the hydrophobic sites present on the surface or most likely only hydrophilic sites would be present on the surface.
These sites would be interacting with water molecules and thus, creating a layer of waterfilm. This would lead to difficulty in passing of furfural, a hydrophobic molecule, through the film layer made of hydrophilic components resulting in film diffusion a rate-limiting step [31] . As the bulk of the hydrophobic sites would be present more deep in the torrefied biomass, resulting in the need for furfural to diffuse from the external site to internal hydrophobic sites whose passage might be blocked by water molecules. This is well reflected in diffusion being rate-limiting step in intraparticle diffusion model and Bangham model. Indeed, such mechanism was also observed for adsorption of phenol on carbon [31] .
Effect of torrefaction temperature on to the adsorption property of torrefied biomass
At a temperature of 225 ⁰C, a minor portion of hemicellulose is degraded and the volatiles are mainly H2O and CO2, which could have caused the low pore distribution on torrefied biomass [32] .
As the severity of the torrefaction increases (for example at 275 ⁰C) the further degradation of hemicellulose and minor portion of cellulose and lignin occurs, which increases the release of volatiles and there by increases the micro pores. According to Reza et al. [14] and Chen et al. [32] , it is because the precipitated tar plugs the existing pores to generate new pores and thereby results in the decreased pore size and increased surface area. However, as the temperature further increases to 300 ⁰C, the existing pores are widen and enlarged which results in the decreased surface area ( Fig. 1 and Table 1 ). The adsorption of furfural increases with the increasing torrefaction temperature and this could be mainly because of the enlarged pores or increase in number of sites or both. Further, as the severity of the torrefaction increases, the existing pores on the biomass will enlarge and the these enlarged pores allows the furfural solution to diffuse more rapidly into torrefied biomass structures and there by increases the surface contact. . The higher adsorption of furfural by torrefied biomass produced at 300⁰C with larger pore size and increased diffusion also reflect that the micropore diffusion is involved in adsorption mechanism. In general, the removal of oxygen containing hydrophilic sites at higher temperatures results in higher adsorption of hydrophobic material. This was very well reflected in furfural adsorption on torrefied biomass produced at different torrefaction temperature (Fig. S2 ) [31] .
Anaerobic digestion of torrefaction condensate
The preliminary study on AD of detoxified torrefaction condensate showed that the proposed adsorption process has improved the methane production. As expected, no inhibiton was observed at 0.1 VSsubstrate:VSinoculum loading and the methane production was similar for both detoxified and orginal torrefaction condensate for the initial 5 d. However, the methane production with detoxified torrefaction condensate started increasing rapidly after 5 d in comparison with orginal condensate.
After 20 d, methane production saturated for both the setups with around 700 mL/g VS. [33] and codigestion of 60% of grease traped sludge with 40% sewage sludge (845 mL/g VS) [34] .
Eventhough, methane production is better with detoxified condensate, the lag phase for methane production is still longer with with 0.2 VSsubstrate:VSinoculum loading when compared with 0.1
VSsubstrate:VSinoculum loading. This could be because of only partial removal of inhibitory compounds from the torrefaction condensate. For example, around 3600 mg/L of furfural was present in the condensate even after adsorption. According to [35] , the furfural concentration at 2000 mg/L could inhibit the AD process and increases the lag phase. Further decrease in the furfural concentration could be possibly achieved through a sequential batch/column adsorption. Nevertheless, Doddapaneni et al. [5] reported that microorganism could be adapted through cyclic batch AD to decrease the lag phase in methane production. Thus, improving the methane production with little or no lag phase, with higher dosages of torrefaction condensate, is possible and this could be a subject of further investigation.
Adsorption scale-up
The torrefaction plant capacity proposed by Pirragila et al. [15] i.e. 200 000 ton of torrefied biomass/annum with 8400 operating hours was considred here to understand the flow rate of torrefied biomass in an industrial scale torrefied biomass plant. The previous study [5] shows that 0.25 kg of torrefaction condnesate can be produced per 1 kg of biomass input. Based on that~250 ton/day of torrefaction condensate will be generated at selected plant capacity. At the same time, column experiments results (internal dia of 20 mm and 200 mm bed height) from this study shows that furfural adsorption would be achieved in 60-100 minutes of the largescale column operations. Based on that, 100 ton of biomass is required for the column adsorption everyday. The bulk density of torrefied wood is between 200 -400 kg/m 3 [36] . Considering the bulk density of 300 kg/m 3 , a total volume of 333 m 3 is required for column adsorption for everyday operation. The low saturation time of torrefied biomass would result in frequent loading and unloading of the torrefied biomass in column. As the torrefied biomass pellets are continuously produced, the low saturation times of the column is a challenge for the proposed intrgrated approach (Fig. 1) . So, the conventional column adsorption for the detoxification of torrefaction condensate could be difficult to integrate with torrefied biomass pellets production.
In general adsorption column requires piping, valves and other control units which may increase the capital, operational and maintenace expenses of the torrefaction unit. In contrast, batch adsorption could be carried out with a convenstional mixing tank [37, 38] . The loading and unloading of the torrefied biomass to the adsorption vessel could be easier in comparison with column. At the same time the operational expenses for batch adsorption are lower in comparison with column operation [39] . Thus, the batch adsorption could be more feasible to integrate with torrefaction process in the proposed approach (Fig. 1 ).
Conclusion
In this study, for the first time, torrefaction condensate was detoxified using torrefied biomass in order to use them as a substrate for methane production. The removal of furfural and other inhibitory compounds was achieved and better methane production by detoxified torrefaction condensate was demonstrated. The pseudo second order kinetics suggesting a hydrophobic interaction between furfural and torrefied biomass was argued. Intraparticle diffusion model and Bangham model combined with effect of torrefaction temperature on furfural adsorption onto torrefied biomass points to micropore diffusion as a rate limitng step in later stages. Further, a continous column detoxification of torrefaction condensate was operated and a way for process integration of this was discussed .
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